INTRODUCTION
With advanced horizontal drilling technology, detecting fracture orientation is very important. Well logs can be used to detect fractures, but they are limited to well locations. Geologic observations can be used to predict fracture orientation but only with certain assumptions. It is known that vertically aligned fractures in a reservoir can induce seismic anisotropy (Lynn et al., 1995) . Seismic data have wider spatial coverage than well data; thus, fracture detection using seismic data becomes important for practicality. Shear-wave splitting is very sensitive to fracture orientation and density. However, the high cost of acquiring multicomponent data makes this method expensive to apply on a regular basis. Using P-wave data to detect fractures is very promising and has been of growing interest to the exploration geophysical community.
Studies show that the effect of vertically aligned fractures on P-wave propagation is a function of offset and cannot be detected with conventional normal incident seismic data. For this reason, fracture detection based on seismic data analysis has been extended to the prestack domain. Determining fracture orientation from P-wave data presently depends on velocity analysis for different common midpoint (CMP) locations and on amplitude versus offset (AVO) analysis for different azimuths. Neidell and Cook (1986) use differential stacking velocity analysis t o identify subsurface fracture zones from P-wave data. They claim that anomalous velocity zones are related to fractures. Paul (1 993) attributes anomalously low stacking velocities to the presence of localized fractures. A similar phenomenon is observed by Lynn et al. (1995) and Corrigan et al. (1996) . If a fractured reservoir has a small thickness, the application of P-wave stacking velocity is limited because the azimuthal traveltime depends on both the fracture parameters and the reservoir thickness. In contrast to stacking velocity analysis, azimuthal AVO analysis, relying on the reflection amplitudes, has been used to detect fractures in this case (Perez and Gibson, 1996; Ramos and Davis, 1997; Mallick et al., 1998) . Generally, amplitudes are related to reflection coefficients and thus to elastic contrasts across the reflection boundary. Detecting fracture orientation based on azimuthal AVO variations is still ambiguous when a priori information of some variables, such as spatial variations in fluid content, lithology and layer thickness, is not available. Therefore, other seismic attributes, in addition to AVO, are needed t o reduce ambiguities and constrain solutions in fractured reservoir characterization.
Finding additional attributes appears to be feasible in the prestack domain because the seismic signal can be parameterized in terms of amplitude, phase, and frequency versus offset. For example, in the prestack domain, Mazzotti (1991) applies instantaneous amplitude, phase, and frequency versus offset indicators to investigate the possibility of a diagnostic value of seismic data.
Results from 3-D finite-difference modeling shows that fractures tend to decrease the frequency and vary the amplitude of reflected waves at the top of heterogeneously gas-saturated fractured reservoirs. The modeled results also show that the first-order effect of fractures on frequency variations with offset (FVO) and AVO is controlled by the mean fracture density (Shen and Toksoz, 2000) . In addition, the study shows that signal frequencies in the crack normal direction decrease faster with offset than those in the crack strike direction. In 3-D seismic applications, Lynn and Beckham (1998) show azimuthal variations in amplitude strength and frequency content associated with a fractured reservoir. Therefore, in addition to azimuthal AVO variation, azimuthal FVO variation could be an indicator of anisotropy.
We introduce a technique, multiple signal classification (MUSIC), for AVO and FVO attribute estimation in the frequency domain using 2-D P -wave data and demonstrate the application of these attributes to detecting fracture orientation in a carbonate reservoir in Maporal field, southwestern Venezuela. By combining inverted velocities with calculated reflection coefficients, we investigate effects of reservoir heterogeneity on AVO signatures. Our purpose is to show that, in detecting fracture orientation, including FVO is more beneficial than using AVO alone.
SEISMIC DATA
The Maporal field is located in the Barinas basin of southwestern Venezuela, characterized by a structure dome extending northeast-southwest. The fractured reservoir occurs in member 0 of the upper Cretaceous Escandalosa Formation and consists of dolomitic carbonate and carbonate. Member 0 overlies members P and R a n d is overlain by the La Morita and Gobernador Formations, all mainly composed of sandstone and shale. Based on area well logs, the thickness of member 0 is about 30 m. Images from formation micro scanner (FMS) logs and wellbore ellipticity analyses identify fractures in the carbonate reservoir.
Two-dimensional, three-component seismic data were acquired in this field. Three 10-km seismic lines with three azimuths intersect over the structural high of the fractured reservoir (Figure 1 , including well locations and major faults). The structural high is cut by a normal fault trending northwest-southeast. The other two major normal faults trending northeast-southwest are distributed on northwestern and southeastern sides of the high. Azimuths of lines 1 and 3 are almost parallel to northeast-and northwest-trending normal faults, respectively; line 2 almost bisects lines 1 and 3 and forms an angle of approximate 40" with line 1. A 1-kg explosive charge at 10 m depth was used for the source. The shotpoint spacing was 51 m, and the source offset was 17 m. The nearest offset was 17 m and the farthest offset was 3650 m, equivalent to an incidence angle of 32' for the target zone (Perez, 1997) . The maximum fold was 33 traces. The detailed survey parameters can be found in Table 2 o f Ata and Michelena (19%) .
The P -S converted wave data collected in this area exhibit significant amplitude differences between the fast and slow shear-wave components. which are interpreted to be fracture effects (Ata and Michelena, 1995) . Based on P-S converted seismic data and corrclation between the seismic and well logs, Ata and Michelena (1995) show that fracture orientation tends to run subparallel to the fault system, and fractures are parallel or subparallel to line 3. The fracture orientation yielded from P -S data also aligns along the maximum horizontal regional stress, oriented northwest-southeast, consistent with the fracture orientation measured in the wells in the carbonate reservoir. Local variations in fracture orientation derived from 3-D P-wave azimuthal AVO also show good correlation with the orientation of maximum horizontal stress (Perez et al., 1999) . In this study, 2-D P-wave seismic data with three azimuths are used for fracture detection in the carbonate reservoir.
Like acquisition operations, processing operations play an important role in seismic data quality control. Our processing sequence aims to remove distorting effects partially caused by ground coupling of sources and receivers, source-receiver patterns, and near-surface conditions and to increase the S/N ratio. We avoid adaptive processes such as signal-trace deconvolution, spectral whitening, and amplitude scaling. The processing sequence applied to three seismic lines includes spherical divergence correction, f -k filter. refraction statics, CMP sorting, NMO, and residual statics. After a two-pass velocity analysis, trace editing and bandpass filtering are performed. Figure 2 shows three stacked seismic sections tied with each other at their intersecting point (CDP 224). The good tie at major reflectors indicates that very little bias is introduced by processing algorithms, so the approximate behavior of reflection amplitudes can be used to estimate offset-dependent attributes. To locate the target zone in the seismic profile, synthetic seismograms are generated from logs that intersect or are close to the seismic lines. On average, the spectral analysis shows that P-wave seismic data have a dominant frequency at 25 Hz in the fractured reservoir zone. The wavelet is extracted from well logs and stacked seismic data. Figure 3 shows an example of synthetic seismograms generated with sonic and 
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ANALYSIS OF OFFSET-DEPENDENT ATTRIBUTES
Attribute estimator
The MUSIC frequency estimator is used to extract seismic attributes in the frequency domain. The introduction of the MUSIC algorithm (Schmidt, 1979) is an attempt to fully exploit the underlying data model. MUSIC has received much attention and can provide asymptotically unbiased estimations of signals. This technique has better resolution and better frequency estimation characteristics than spectral techniques such as autoregressive or Prony methods.
MUSICis based on an eigenanalysis of a correlation data matrix. lt separates information in the correlation matrix into two vector subspaces: one a signal space and the other a noise space. The frequency estimator function is given as
(1) 1
where a is the weighting function, M is the number of signals, P is total eigenvectors. V is an eigenvector, and e is a complex sinusoid vector. The superscript H denotes the Hermitian transpose operation. When e ( f ; ) = s,, one of sinusoidal signal vectors, the estimation causes function F ( f ) to have very sharp peaks at signal frequency j,. The frequency estimator is a pseudospectrum estimator because the correlation sequence cannot be recovered by Fourier transforming the frequency estimator. Setting aK = 1 for all K leads to the multiple signal classification algorithm (Schmidt, 1986) ; setting (YK = l / h~ for all K yields the eigenvector algorithm frequency estimator (Johnson and DeGraaf, 1982) where hK is the eigenvector associated with V K . The frequency estimator also is detailed by Shen and Toksoz (2000) .
Modeling studies for the carbonate fractured reservoir
To understand how fractures affect AVO responses in our working area, P -wave azimuthal AVO variations are calculated using an approximation reflection coefficient equation (Ruger, 1998) . A horizontal two-layer model is built using elastic parameters derived from log data acquired at well MA-17, where P -and S-wave velocities and rock density were measured. Log data in other wells are also considered in building the model. In the Maporal field, the fluid material filling the fracture system is oil and water. The API oil gravity number of the crude is 28 (Perez. 1997) . Oil density and modulus are calculated based on Batzle and Wang (1992) with the in-situ temperature and pressure. The effective medium model (Schoenberg and Sayers, 1995 ) and Hudson's crack models (Hudson, 1981; Hudson et al., 1996) are used to invert the stiffness tensor of a fractured medium, which is studied in detail by Liu et al. (1996) . The relationship between stiffness coefficients and fracture parameters is linked with these models. The anisotropy parameters of the equivalent VTI model for HTI media are introduced by Tsvankin (1996) and can be represented through stiffness coefficients. The elastic parameters of rocks, fracture parameters, and anisotropy parameters used in modeling are summarized in Table 1 .
Our previous studies show that azimuthal AVO variations in fractured reservoirs are influenced by fracture parameters, including fracture density, fluid content, and fracture aspect ratio (Shen, 1999) . To investigate how the fluid content and fracture density affect the azimuthal AVO variations in this area, we calculate azimuthal AVO responses. Figure 4 shows the P-wave AVO responses at the top of oil-(28"API) and water-saturated fractured reservoirs. Increasing crack density increases the AVO gradient. Modeled results also show that, with equal fracture density. the oil-saturated fractured carbonate reservoir has a smaller AVO gradient than the water-saturated one. Our results indicate that when fractures are saturated with oil or water, the effect of fractures leads to a large increase in AVO gradient and is a major contributor to azimuthal AVO variations.
As mentioned above. the average thickness of the fractured reservoir in member 0 is 30 m. Using an average interval velocity of 4400 m/s obtained from sonic logs in the reservoir zone and a dominant frequency at 25 Hz, the corresponding tuning thickness is 44 m (with thickness = H/4, where H is the wavelength of the seismic pulse at the peak frequency). Since the reservoir in member 0 is within tuning thickness, elastic properties of formations beneath and above member 0 could also contribute to the seismic responses of the reservoir. Ramos and Davis (1997) show that when the maximum thickness of a reservoir is smaller than half a wavelength, the variation of reservoir thickness can lead to oscillation in the AVO gradient. Therefore, tuning may add bias in AVO and FVO gradients.
To investigate characteristics of azimuthal variations of AVO and FVO when a fractured reservoir is within tuning thickness, we use elastic coefficients listed in Table 1 and decrease the thickness of the fractured reservoir to H/4. For simplicity, the oil-saturated fractured reservoir is assumed to have the same shalelsandstone above and below it. The 3-D time-domain, staggered-grid, finite-difference method is used to obtain seismograms. This method has fourth-order accuracy in space and second-order accuracy in time (Cheng et al., 1995) . An explosive source (Kelly wavelet) is used; the dominant frequency of the source wavelet is 30 Hz. Seismograms show that azimuthal AVO variations can be observed, and amplitudes in the crack normal direction is larger than those in the fracture strike direction (Figures 5a,b) . The frequency decay in the crack normal direction is larger than that in the crack strike direction (Figures 5c,d ). In our working area, well-log data show small variations in the reservoir thickness. Therefore, the tuning effect should produce similar changes in the AVO and FVO on three seismic lines, so azimuthal variations of AVO and FVO are valid in detecting fracture orientation.
Seismic data analysis of AVO and FVO and interpretation of fracture orientation
Considering that the fractured reservoir is located around the intersection area of three seismic lines and that the azimuthal comparison of offset-dependent attributes can be made conveniently, a subset of seismic data with a full range of offset is adopted in this study. Three seismic lines intersect each other at CDP 224. Sixty CDPs (221-280) on each line are used in our attribute estimation. Figure 6 shows processed gathers from CDP 222-226 of three seismic lines. Amplitudes on CDP gathers in the reservoir target zone characteristically increase with offset. Seismic traces in the near and middle offset largely differ from those in the far offset in amplitudes, frequency, and phase. An extra reflected event occurs at the near and middle offset below the reservoir reflectivity but disappears in the far offset. Based on waveform characteristics, we divide seismic traces in CDP gathers of three seismic lines into two groups: near-middle offset and far offset. the extra reflectivity. and from 2001 to 3650 m for the far-offset ones. Differences in seismic waveforms between near-middle and far-offset traces can also be shown with stacked seismic data. The partial stacked data, stacked with near-middle offset traces, have high frequency in the reservoir zone. The extra reflected event can be observed below the fractured reservoir reflectivity. However, the overall stacked data, stacked with all traces in a C D P gather, are characterized by strong reflectivity and good continuity. The extra reflected event is invisible on three seismic lines (Figure 7) . These analyses show there are large variations in the amplitude and frequency from the near-middle to far-offset traces.
To avoid the large variances occurring in the estimation of AVO and FVO gradients when the linear model is used, only far-offset traces are used instead of all traces in a CDP gather. To d o so, the offset-dependent AVO and FVO gradients are obtained from fitting with the linear model. As indicated in our fractured reservoir studies, effects of fractures on amplitudes and frequencies of reflected waves in fracture off-strike directions increase with increasing offset. Reflected data in the far offset contain more information about fractures than those in the near-middle offset (Shen, 1990) . Therefore, estimated attributes by using far-offset seismic data are still valid in detecting fractures if these data can cover approximately equal offset ranges.
In our estimation. we use a constant time window of 40 ms for 21 samples, centered around the fractured reservoir. The windowed seismic data actually correspond to the response of an averaged medium composed of carbonates in the reservoir zone and noncarbonate materials (typically shale and sandstone) above and beneath member 0. However, the contribution of the interface containing the top of the fractured reservoir to the P -wave reflectivity is greater than any other interfaces above and beneath the reservoir zone. MUSIC is used to extract amplitude and frequency attributes from windowed seismic waveforms in C D P gathers. Figure 8 shows three C D P gathers and their locations on the seismic lines. Figure 9 shows their normalized AVO (signal energy) and FVO. A linear regression, based on least absolute deviations, is used to obtain AVO and FVO gradients. With the help of our modeled AVO and FVO responses to fracture effects in the Maporal field, we try t o relate clusters of AVO and FVO gradients to the fracture orientation. Based on characteristics of AVO and FVO gradients, line 1 is the most perpendicular to the fracture orientation and line 3 is the most parallel to the fracture orientation. Since the characteristics of AVO and FVO gradients on line 2 are close to those of line 1, line 2 should be the line near perpendicular to the fracture orientation. This interpretation yields a similar regional tread as that obtained previously from P-S converted wave data (Ata and Michelena, 1995) and is consistent with the fracture orientation measured in the wells around the carbonate reservoir and the orientation of maximum horizontal stress.
* *
Effects of reservoir heterogeneity on AVO signatures
The scattered AVO gradients on line 3 lead to an important conclusion concerning the reservoir heterogeneity caused by spatial variations in lithology. As we know, seismic data near normal incidence provide information about the changes in acoustic impedance between adjacent layers. Poisson's ratio is the elastic property most directly related to angular dependence of reflection coefficients. To investigate whether the scattered AVO gradients occurring on line 3 are caused by lithology-related heterogeneity in the reservoir zone, we invert interval velocities from partial stacked data of near-middle offset.
Velocity inversion is performed with a commercially available package (RICH). The wavelet is extracted based on the amplitude spectrum of a selected time window from stacked seismic data and on a scan of the phases to pick one that best matches synthetic and true seismic traces. Since vertical fractures have very little effect on near-offset seismic data, velocities inverted from partial stacked data are mostly related to reservoir acoustic properties. In line 1, inverted velocities smoothly decrease from low to high C D P numbers in the fractured reservoir zone (Figure l l a ) . Line 2 shows small lateral variations in velocities, and high velocities are distributed between C D P 236 and 260 (Figure l l b ) . In contrast to lines 1 and 2, velocities in line 3 show significant lateral variations and indicate strong heterogeneity occurring in the reservoir zone (Figure 1 Ic). High velocities distribute along ranges in both high and low C D P numbers, from 200 to 228 and from 264 to 300. A t the intersecting point (CDP 224), velocities inverted from partial stacked data of three seismic lines can be tied well. The good tie confirms that lateral velocity variations in line 3 result from the reservoir heterogeneity. Since line 3 is parallel to the fracture orientation, the scattered AVO gradients in far-offset amplitudes could be caused by the heterogeneity of reservoir acoustic properties.
To obtain insight into how the reservoir heterogeneity affects P-wave AVO variations (equivalent AVO variations in the fracture strike direction), we calculate the P-wave reflection coefficients at incidence angles of 0' and 32' and then normalize them with the reflection coefficient at the 0 incidence angle. The difference of normalized reflection coefficients between incidence angles of 0" and 32" is approximately proportional to the AVO gradient. Based on our inverted velocities, we use I-D stochastic modeling (Goff and Jordan, 1988) to build the velocity variation profile and let the velocity vary k350 m/s around a reservoir mean velocity of 4400 mis. Two cases are considered in our calculations when the reservoir is assumed to be oil saturated and with 10% fracture density. In case 1, the Poisson's ratio is constant with variable P -wave velocity (V,,) . In case 2, the S-wave velocity ( V , ) is constant with a variable Poisson's ratio. In case 1, AVO gradients decrease with the increase of V,, from 0.1642 to -0.0186 (Figure 12a ). In case 2, with the increase of V,,, varying Poisson's ratio leads to a large variation in AVO gradients from -0.1 189 to 0.1343 (Figure 12b) . Our results show that two cases give rise to large variations in AVO signatures at an incidence angle of 32 . Therefore, the reservoir lateral heterogeneity could be a major contribution to the scattered variation in AVO gradients on line 3.
Additionally, if the reservoir is assumed to be water saturated with 10% in fracture density, the AVO gradients in the fracture normal direction for the two cases are also calculated ( Figure 12 ). Our results show that water-saturated fractured reservoirs have larger azimuthal AVO variations than 
DISCUSSION AND CONCLUSION
We have demonstrated that AVO and FVO attributes estimated from waveforms of P-wave data can be used to help detect fracture orientation in reservoirs within tuning thicknesses. These attributes are selected based on their capability of providing physical relationships between the fracture effects and the seismic responses. In addition, estimation based on seismic waveforms is less sensitive to errors caused by residual velocity and inaccurate static correction. Statistical analysis in the attribute space is very helpful for identifying major characteristics of estimated attributes, particularly when the number of wells is limited and it is not possible to carry out quantitative calibrations.
In the Maporal field fractured reservoir, fractures are a major contribution to azimuthal AVO variations, and increasing fracture density gives rise to a large increase in AVO gradients. For an oil-saturated fractured reservoir with the tuning thickness, the presence of fractures leads to a large frequency decrease with offset. Our data analysis results show that the CDPs on line 1 are characterized by a large increase in amplitudes with offset and a large frequency decrease with offset. Line 2 is characterized by a moderate frequency decrease with offset and a small amplitude increase with offset. CDPs on line 3 are characterized by a scattered variation in AVO and a small variation in FVO. Relating the statistic signatures of AVO and FVO to the fracture orientation, we find line 1 is the most perpendicular to the fractures, while line 3 is the most parallel to the fractures. Since the characteristics of seismic attributes on line 2 are comparable with those on line 1, line 2 is nearly perpendicular to the fractures. Therefore, knowledge of the amplitudes and frequency variations with offset provides a better understanding of the effects of fractures on P-wave reflected data and yields further information about a reservoir's properties.
Both fracture parameters (fracture density, saturated fluid content, and fracture aspect ratio) and nonfracture parameters ( V p , V,, and Poisson's ratio of background rocks) can result in variations in AVO signatures. Our results show that increasing fracture density and changing the fluid content from oil to water can lead to a large azimuthal AVO response. Parra et al. (2000) show that as long as there is fluid flow in the rock matrix toward the cracks, the fluid motion will attenuate the acoustic/seismic waves. Different fluid content may have different contributions to the attenuation. Therefore, inclusion of the frequency attribute is more beneficial than using amplitude alone in fracture reservoir characterization.
For nonfracture parameters, modeled results show that variations in Poisson's ratio and P-wave velocity in the reservoir zone can give rise to large variations in AVO gradients. Therefore, the lithology-related reservoir heterogeneity has an important effect on AVO signatures. Although azimuthal AVO variations have been used successfully in fracture detection, our studies indicate that it is worthwhile to combine AVO analysis with FVO analysis and that information about frequency varying with offset can help lessen the ambiguity in fracture detection. Modeling studies are very important; they can help us understand the physical meaning of estimated attributes and better interpret fracture orientation. To check the estimated results qualitatively, rms amplitudes are calculated and AVO gradients are obtained by straightline fitting in windowed seismic waveforms in the time domain. The lateral variations in AVO gradients from these two estimation methods are approximately consistent on the three seismic lines, which confirms the reliability of the frequency estimator.
Errors from estimation and physical interferences in seismic data can contribute to distortion of the AVO and FVO gradients and intercepts. To check the validity of the straight-line fit and the oscillation in the amplitudes and frequency data, the mean absolute deviation from the fit lines is one criterion for measuring reliability. Studies from Ramos and Davis (1997) show that undulations in the normalized rms amplitude data are caused by converted waves and coherent noise. Additionally, the CDPs with very limited offset ranges have a small degree of reliability. These errors should be considered when making interpretations using estimated attributes.
